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Introduction
The surface free energy [
2 )] of a (hkl) crystal face is the specific Helmholtz free energy needed for the creation of a crystal surface at the temperature T of interest. Such thermodynamic quantity is fundamental for the determination of:
(i) the most stable surface, that is the surface with the lowest surface free energy;
(ii) the equilibrium morphology of a crystal, by applying the Gibbs-Wulff's theorem; 1 (iii) the probability of occurrence of classical nucleation with respect to the non-classical one, where an amorphous precursor phase is expected to form. [2] [3] [4] [5] Indeed, by inserting the T hkl) ( γ values into the equations of the classical nucleation theory, the thermodynamic barrier to be overcome for stabilizing the critical nuclei can be calculated. If this classical barrier results to be extremely high, a non-classical nucleation could be hypothesized, which should require a fairly lower, or even null, activation energy for the formation of an amorphous phase with respect to a crystalline one.
Usually, T hkl) (
γ is calculated by comparing the free energy of the bulk crystal (F bulk ) with that of a two-dimensional periodic structure (slab model) of given thickness (F slab ), cut parallel to the hkl crystal plane of interest (i.e., Rubbo et al. 6 ):
, where A is the area of the surface. This kind of model can provide a faithful description of the ideal surface, provided that the convergence of geometry, energy, and electronic properties, with the increasing number of atomic layers forming the slab, is checked (in the following, this point will be referred to as the criterion of convergence). In order to perform such a calculation, two different schemes can be envisaged to deal with a slab model (i.e., Dovesi et al. 7 ):
(i) by imposing 2D periodic boundary conditions. The slab model is really two-dimensional, with a 2D unit cell.
(ii) By forcing a 3D periodicity (3D slab model). The three-dimensional system consists of an array of slabs of given thickness along one direction, separated by vacuum zones. The vacuum zones must be thick enough in order to reduce to zero the fictitious interactions between contiguous slabs.
However, the application of the 2D or 3D slab model should give the same result.
Unfortunately, by using this calculation strategy, the excess thermodynamic quantities like ΔF = F slab -F bulk and ΔS = S slab -S bulk (excess entropy) are exclusively assigned to the crystal surface, as it is not possible to establish the contribution of the different layers forming the slab to these excess quantities, which are nothing else that the integrated values of unknown density functions (i.e., free-energy density) over the thickness of the slab.
The excess thermodynamic quantities ΔF = F slab -F bulk obviously arises as the consequence of the deviation of the free energy of the slab with respect to the corresponding bulk quantity; as such deviation is likely to be produced in the layers which are closer to the free surface, with respect to those more deeply buried in the slab, it may be interesting to analyze the contribution of the various layer to the excess quantity, as a function of the distance of each of them from the surface. To this end, in this work we propose a new calculation strategy to estimate the vibrational contribution of each layer or atom forming the slab to F . In other words, we can estimate how the surface energy changes with temperature by taking into account the slab entropic contribution only, which is due to the vibrational motion of the atoms in the slab (vibrational entropy).
Finally, we extend the model to the calculation of the vibrational contribution to the free energy of the interface between (i) two identical crystals in twinning relationship, and (ii) two different crystals in epitaxial relationship.
Our model presupposes the ability to calculate the frequencies of the vibrational modes of a slab, whose values enter into the thermodynamic equations to compute the vibrational energy, entropy and free energy. Nowadays, this can be done by using several codes developed for performing empirical (i.e., GULP, 8 , and discussion of the results; (iv) main conclusions and perspectives.
The surface free energy of a crystal face
The free energy of a crystal face, T hkl) ( γ , at the temperature T is composed by the following terms:
where: (i)
γ is the surface energy at T = 0K (the specific work needed for creating and relaxing a crystal face at 0K and without considering vibrational zero point effects); (ii) 
where A is the area of the primitive unit cell of the surface, n is the number of layers in the slab, E(n) slab is the energy of a n-layer slab and E bulk is the energy of a formula unit in a bulky crystal; the factor 2 in the denominator accounts for the upper and lower surfaces of the slab. E s (n) is thus the energy per unit area required to form the surface from the bulk. As more layers are added in the calculation (n → ∞), E s (n) will converge to the surface energy per unit area (
Instead, according to the standard two-region strategy employed by GULP, 
where h is the Planck constant, ν ik is the frequency of the i th vibrational mode at the k th point in the Brillouin zone, in the slab or bulk crystal and k ξ represents the weight of that particular k point, such that the sum of all weights is equal to one (as an example, if the number of k points is 10, then k ξ is equal to 1/10). Then, the vibrational contribution to the surface free energy is obtained through the relation: 
for which holds the relation 1 = ∑ 
Calculation of the vibrational contribution to the surface free energy (
In this section we report the relations to be used for the calculation of the vibrational contribution to the surface free energy (
2 ) for (i) center-symmetric slabs in which all the atoms and the two surfaces delimiting them are allowed to relax (i.e., CRYSTAL strategy) and (ii) not centersymmetric slabs where the atoms of the region 1 only are allowed to move, and only one surface relaxes (i.e., GULP strategy).
Concerning a center-symmetric slab formed by l =1, … , p, p+1, …, 2p layers (Fig. 1a) , As concerns a non center-symmetric slab (Fig. 1b) , the surface vibrational contribution is evaluated with the equation: A twinned slab, made by slabs 1 and 2 (Fig. 2a) , can be generated in the following way:
(i) slab 1 of a given thickness is made by cutting the bulk structure parallel to the hk.l twin plane (the original composition plane, OCP) of interest;
(ii) slab 2 is made by applying the appropriate twin law to the atomic coordinates of slab 1.
A fundamental thermodynamic quantity related to a twinned slab is the twinning free energy ( is the specific configurational entropy of the interface.
is the vibrational contribution of the twin boundary interface and, for a twinned slab composed by l =1, …, 2p layers (Fig. 2a) , it is determined with the relation: 
Application of the model to the (100) slab of LiF
The (100) slab of LiF was recently studied by our research group. 6 We performed quantummechanical ab initio calculations on 4-8-12-16-20-and 28-layer slabs, in order to determine the surface structure and the surface free energy of the (100) face. The slab geometry optimization and the calculation of the vibrational frequencies were performed using the CRYSTAL06 software for quantum-mechanical ab initio calculations, 14 which implements the Hartree-Fock and Kohn-Sham self consistent field (SCF) method for the study of periodic systems. 19 For a detailed analysis of the (100) surface structure and slab vibrational modes see the paper by Rubbo et al., 6 whereas the computational details concerning the slab geometry optimization and the calculation of the slab frequencies, are reported in the Electronic Supplementary Information ( ESI).
In this work the vibrational energy, entropy and free energy of the optimized 28-layer (100) slab, and the contributions of each atom (Li or F) and layer forming the slab were calculated at the temperature T = 298.15 K. The slab is composed by 28 layers and 56 atoms (a LiF unit per layer) related by an inversion center. Then, the thermodynamic analysis will take into account only the symmetrically independent layers (l =1, …, 14, where l = 1 is the surface layer) and atoms (j = 1, …, 28; where the atoms 1 and 2 are in the layer l =1).
In Fig. 3 In order to understand the contribution of the atomic species to the free energy of each layer forming the slab, in Fig. 4 we have reported the values of the free energy of the layers ( Table S1 , ESI). It is interesting to observe that:
the highest contribution to the slab free energy is given by the Li atoms. Indeed, at the center of the slab the free energy of Li and F is 4615.3 and 153.8 J/mol, respectively.
This means that the ~97% of the slab free energy at the center of the slab is due to Li.
(ii) The free energy of F is negative in the layers 1-4, whereas that of Li is always positive.
Finally, by applying eq 11, we also calculated the vibrational contribution to the surface free energy:
Then, by adding this value to the surface energy at 0K (
2 ) calculated by Rubbo et al. 6 for the 28-layer slab, we obtained the surface free energy of the (100) face at 298.15K, Table S3 , ESI). We observe that:
the highest contribution to the slab free energy is given by the C and O atoms. At the center of the slab (layer 6) the free energy of Ca, C and O is 1316.8, 102571.1 and 108761.4 J/mol, respectively. This means that the ~99% of the free energy at the center of the slab is due to the CO 3 groups.
(ii) The free energy of Ca is negative only in the layers 1.
By applying eq 12, we calculated the vibrational contribution to the surface free energy: 
FIGURES 5 and 6

Conclusions
In this paper we describe a new calculation methodology for determining the vibrational contribution of each layer or atom forming the slab (i.e., how the vibrational free energy density varies within the slab). Now, by means of this new calculation methodology, it becomes possible to estimate the vibrational contribution to the surface free energy of a crystal face (
calculating the vibrational contribution of the bulk: we estimate how the surface energy changes with temperature by only taking into account the entropic contribution due to the vibrational motion of atoms in the slab. Finally, our model is extended to the calculation of the vibrational contribution to the free energy of the interface between (ii) two identical crystals in twinning relationship and (ii) two different crystals in epitaxial relationship.
Our model uses the frequencies of the vibrational modes of a slab, which can be determined by means of several free or commercial codes developed for performing calculations on crystalline materials, and it is based on the construction of a weight function taking into account how the vibrational amplitude of the atoms involved in the vibrational mode is modified by the presence of the surface. Indeed, when a surface is present, there are vibrational modes in which atoms near the surface take part to a higher degree than atoms far away from the surface. Our calculation strategy was implemented in a homemade program (SLAB), which is designed to read the output files of the CRYSTAL 14 and GULP 8 simulation codes. However, in principle our model can be implemented in all of the codes developed for performing semi-empirical, empirical and ab initio quantummechanical calculations on crystalline materials.
In order to test our model, we applied it to the following systems: (i) 28-layer (100) slab of LiF and (ii) 10-layer (10.4) slab of calcite (CaCO 3 ). In both cases, the vibrational energy, vibrational entropy and vibrational free energy of the optimized slab, and the contribution to these quantities of each atom and layer forming the slab were calculated. Since we are only interested to show how our model works, in this paper we have only reported the calculations at room temperature (T = 298.15 K and T = 300 K, for LiF and CaCO 3 , respectively), we did not analyze how the temperature affects the thermodynamic properties of the slab; this analysis will be object of study in a future work.
Our model could be also employed to analyze how the vibrational free energy density is modified when a point defect (i.e., a Schottky or Frenkel defects) is introduced into the bulk structure of a crystal. Indeed, it is sufficient to calculate the vibrational frequencies of the "defective" crystal and apply our model for obtaining the vibrational free energy of each atom: the vibrational free energy of the atoms close to the point defect should be somewhat different with respect to that of the atoms far away from the point defect. Finally, our model could be used to study a defective surface (i.e., a stepped slab), by determining how the vibrational free energy density varies from the stepped surface to the bulk.
Electronic Supplementary Information (ESI) Available. CRYSTAL computational details concerning the slab geometry optimization and the calculation of the slab frequencies of LiF; Table  S1 : vibrational energy, entropy and free energy at T = 298.15 K of Li and F atoms forming the (100) slab of LiF; Table S2 : vibrational energy, entropy and free energy at T = 298.15 K of the layers forming the (100) slab of LiF; Table S3 : vibrational energy, entropy and free energy at T = 300 K of Ca, C and O atoms forming the (10.4) slab of calcite; Table S4 : vibrational energy, entropy and free energy at T = 300 K of the layers forming the (10.4) slab of calcite. 
